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I. LNT DI QZIU O

Fiber optic interfometric sensors using single-mode fibers have
attracted much attention as sensitive, geometrically-flexible acoustic

sensors having flat, low-frequency response. An acoustic pressure
strains the fiber, modulating the phase of the transmitted light,

which is detected by the interferometer. The key to sensitivity
control is in the elastic coatings applied to the fibers; the choice
of coating material and thickness can serve to enhance or to reduce
the acoustic sensitivity of the coated fiber.

In a similar fashion, the use of a magnetostrictive coating on an
optical fiber allows its use in an interferometric sensor to measure
magnetic fields. The sensitivity is provided by the strain induced by

the coating material in a magnetic field.

*The work carried out under this contract sought to enhance coating
, - technology to provide metal coated optical fibers of benefit to both

. acoustic and magnetic versions of fiber optic interferometric sensors.

I Specifically, the objectives were (1) to demonstrate the feasibility
of magnetostrictive coated optical fiber for sensing small magnetic
fields, and (2) to demonstrate high-modulus coatings for acoustic
desensitization of optical fibers. Although the two objectives are

separate, predictions and subsequent results showed that nickel
*. coatings applied to optical fibers can meet both requirements. This

is because nickel is both a relatively good magnetostrictive material
and has a high elastic modulus required for acoustic desensitization.

*The method chosen to apply the nickel is electroplating, because it is

relatively fast, low cost, and adaptable to a continuous coating line
-* operation. The latter feature is necessary to apply coatings to the

long fiber lengths required by most fiber optic sensors.
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- The emphasis in this project was a development of the nickel coating

S technology, including evaluating of the magnetic properties of the

nickel coatings and some study of undercoating techniques. Some
theoretical analysis was done. Coated fibers were delivered to the

Naval Research Laboratory for test and evaluation of sensitivity, etc.

in interferometric fiber optic sensor systems.

*. -- II. ~TZ I(M&-t Ia

The basic structure to be considered for fabrication in this program
involves a nickel layer plated on an underlayer of a different metal,
on a glass fiber substrate. A theoretical analysis was made of the
optical response to an acoustic/pressure input of such a two layer

-! metal-coated optical fiber. This analysis serves to indicate the
combinations of metal layer materials and thickness for which acoustic

desensitization can be achieved.

To determine the expected range of magnetic sensitivity, an analysis
was also made of the optical response of a fiber coated with a layer

of magnetostrictive material.

These two analyses are contained in the following sections.

CA"CDL-AT-I-ONS- OF,-ACOUITISC-rkRSENS !TIZATIOSF-- TWO-LAYER

A previously published paper (1)analyzed the use for the fiber optic
acoustic sensors of single-mode optical fibers coated with an elastic
material. The result was a calculation of the pressure-induced
optical phase shift for light traveling through such a fiber and the

dependence of this phase shift on the elastic modulus, Poisson's ratio

and thickness of the coating material.

Here we extend the analysis to the case of a fiber which has two
concentric coatings of two different materials. The analysis is then
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applied to the use of multi-layer metal coatings to obtain minimum

h acoustic sensitivity. The analysis follows the same steps as previous
work. (1)

'" Consider the coated fiber shown in Fig. 1. The fiber is denoted as

region 1 and is considered elastically homogeneous. It has radius RI,

Young' s elastic modulus El, and Poisson's ratio vl. It is coated with

an inner layer of elastic material denoted as region 2, with a radius

R2 , Young's modulus E2, and Poisson's ratio v2, and with an outer

layer denoted as region 3, with a radius R3 , Young's modulus E3 , and

, Poisson's ratio v3 .

This composite btructure is now placed under a uniform pressure P, and

we will separately consider the radial, tangential, and axial

components of the stresses, strains, and displacements in regions 1,

2, and 3. A set of linear equations we obtained in terms of the

' - stress components by applying an appropriate set of boundary

Mconditions, and these are solved numerically for various choices of
* . the parameters Ri, Eil, v (i-l, 2, 3).

.Following 1 eferences 1 and 2, we can set the stress components in

cylindrical coordinates as follows:

2CI Region 1
Radial Stress, or  " 2 1)

2C3 + A3/r " 3

2C I  Region 1

Stress, ae  - A2/r
Tanenia 2 2  2 2o(2

2C3 - A 2  3

C Region 1

Axial Stress, 0 2 (3)

.3 " 3
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The structure is considered to be long and thin (L>>R3) so that,

Sneglecting the small regions within a distance ft R3 of the fiber ends
by Saint-Venant's principle, (2) there can be no z-dependence of any
stress or strain. The z-direction displacements must be equal in all

S.. three regions, linear with z and independent of r and 0.

Lf Now, the strains are given in general, by:
I. •

-((a), + a01 (,

where i, J, k - x, y, z or r, 0, :. Therefore, the strains in radial and axial

directions are: ['C(-)-Rein.

(11E )2C (1-V) -V2 F 2

Radial strain, cr 2

r +(A.Ir2 )(l+v3)3
i (l/E3) 2c3(I .3) V,3 -

I
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W1 EI) [I .-oiC, Reaton 1
Axial strain, c- (lWE 2) C,-4c, ]  - 2 (6)

: (1/3) [F3  v3C31 3

The radial displacements u7 will also be required, where u - Crdr, .o

(1/) [2C1 (I-V 1 )-v 1 1.] r Region I

E(112) t2C2(l-v2) r-v2F2r
Radial Of l~2/:

displacements, u - 2 (7)

(1/3) 2c 3 (i-v 3 )rv 3 F3 r

-A3 (l+v3)/r3 " 3

There are 8 unknown constants - C1 , C2, C3, A2, A3 , F1 , F2, F3 - so that

U 8 boundary conditions are required. These can be stated as:

1. Radial stress at r=R3 equals the applied pressure.

2. Radial stress continuous at r-R2.

3. Radial stress continuous at r-R1 .

4. Radial displacements equal at r=R2 .

S4 5. Radial displacements equal at r-R 1 .

6. Total axial force applied by the pressure equals the integrated axial

stress.

7. Axial strains equal in regions 1 and 2 away from the ends.

S. Axial strains equal in: regions 2 and 3 away from tbe ends.

Those boundary conditions can be written as:

1. ar3(R3 ) -P (Ba)

2. r3(R 2) Or2(R 2) (8b)

3. or(R1 ) - l(R1) (8c)

I ~ ~ ~ ~ r 1 rl Ii '-" ,. . .
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4. Ur3 (R 1 - 2 R1) (Sd)A! !1 . ,,,(,,.). Uvt )( (j 2J ) CS.)
6." 32) r 2  2 ()..R) 2 f

U z 1 '" c2 (S)

Vhete or2 designates the radial stress in regions 2, etc. These equations

* (Ba-h) can be vritten in term. of the constants A," C. F. as:

r22

6. _ 2C3 +f 1 2 - 22 2 (R2
2  (b)

,-RI 2C2 + AV1. - 2C1  (9€)

ii ! <(,/13) Lzc3(-v3)2-v3F3R-y+v+)RJ - (

"-* (1/,12 [.2c ,,-,,2) yVF-A 2 -,1+v2)Rh

7.. %j tz

-c111 = tc(1-vQ) .- Vz iK- (9.))/

;.

*:- - 2
2F+ () - 2 + (R 2 ~ - F 19f)

S(lhI- (/ [ (8h)

," .(1/-2) lIFI"4v2C2la
" (1113 [r3 "-4v3C3j (9h)

,. Changing variables to SAIR, A/? 3 ,U-CI/P, V-C2P, V.C3/?,
X-hrP Y-F 2 IP, and ZP 3/P and designating the ratios 12/E-e, e31-e31a 1

.R32- 3 1,2 can bevi , e can f the n qutatons in matrix form as

[ ,2

2C+.31
3 3 '

2C[-3/2 C2(b

[2
2C+[". C 9
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" Thus we have eight linear equations in terms of the eight constants

which determine the stresses in Eqs. (l) - (3), and from which the

strains and displacements can be determined using Eqs. (5) - (7) All

of those relationships are now expressed in terms of the the material'

parameters E3 2 , E2 1 , R32 , R2 1 ,v l,V2 and v 3 , and all are linear in

pressure P.

Following Ref. I, we write the optical phase shift Af in ed by a

pressure P in a fiber length L as:

A# we 2P L n2A (1/ 2 1

vhere the change in the optical indicatrix is:

A(110 2) (P +"12 )CT% + P12CZ1  (12)

and B is the optical propagation constant, n the index of refraction, and pl

and P12 the strain-optic coefficients. The normalized pressure-induced optical

. phase shift therefore is:

.~k!&.. - C+(n2/2) 1112) v1i P123)

+U{ - 2  L (P1 0p12) l( 1-vl)-Plj)

" The usual material for single-mode fiber Is fused silica, for which nal.456,

Pl1+0. 1 2 1 o P12-+0.270, E-7xO 12 Fa, and v -0.17. Thus we haves

I L 0.78431-L 1.1734V 14
I -
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We have calculated numerically the solutions to Eg. (10), and from

them the phase shift (14) for fibers with the outer coating (region 3)

'E of nickel and with the inner coating (region 2) of copper and of
* " aluminum. These devices correspond to the materials used in the

present project, which emphasizes the use of electroplated nickel for

magnetic sensitivity and for acoustic desensitization. Using the

0 calculations of Ref. 1 for single-layer coated fibers, nickel coating

is found to decrease the acoustic sensitivity to zero for relatively

thin coatings - approximately 10% of the fiber diameter.

For nickel, we assume v3 = 0.336 and E3 = 21.4x101 0 Pa, so E31 =

* 3.057. For copper, v2 = 0.37 and E21 = 1.714, while for aluminum, v 2

= 0.33 and E21 = 1.000.

Results for the normalized pressure-induced phase shift (A0/P)/(E1/L)

plotted versus normalized nickel thickness R32 for various choices of

- normalized copper undercoating thickness R21 are shown in "igure 2.

Siriliar results are given in Figure 3 for a n'ckel outei coating and
I an aluminum inner coating. In each figure, the curve for zero

undercoating thickness (R21 = 0) is also plotted. For comparison,

note that for an uncoated fiber, (A0P)/E1 /0L) = -0.198.

*In all cases, desensitization of the fiber to pressure-induced effects

can be achieved at a particular Ni coatinq thickness. With thicker
" undercoating, less Ni is required, and this effect is greater for Cu

undercoating than for Al. For a fiber of diameter 100 m (R1 -

50 uim), the required Ni thickness ranges from 10.6V m with no

undercoating to a thickness of only a few Im for thicker Cu

unercoating. To achieve a factor of ten reductions in acoustic

sensitivity, the tolerance on the Ni coating thickness is
approximately ± 30%.

The values of v 3 and E 3 for both nickel and the undercoating as
deposited on the fiber may vary from the bulk values used above. In

this case, experimental results of acoustic sensitivity in coated

fibers can be used to correct these values and to predict optimized
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0.080

-0.04

P.02

0.*02,Cu Undercoating

Ni Outer Coating

- 04b4

Figure 2. Normalizid pressure-induced phase shif t vers
normalized nickel outer coating thickness for copperK undercoated fiber.
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Figure 3. N ormalized pressure-induced phase shif t versus
normalized nickel outer coating* thickness for aluminum

* . undercoated fiber.
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. It has been suggested (3) and demonstrated (4) that the use of
I single-mode fibers coated with magnetostrictive material can lead to

'- sensitive, fiber-optic magnetometers. In this analysis, we adapt the

*i I  previous analysis (1) to the case of a agnetostrictive coated fiber
and its response to an axial magnetic field. The magnetically-induced

* optical phase shift in light traveling through the fiber will be
calculated as a function of the elastic properties of fiber and

*coating, the magnetostrictive properties of the coating, the optical
and elasto-optic properties of the fiber, and of the relative

- dimensions.

A cross-section of the coated fiber is shown in Figure 4. The fiber
- (region 1) has radius R1l, Young's elastic modulus El, Poisson's ratio

v 1' optical index of refraction n, and strain-optic coefficients Pll
and P12. The magnetostrictive coating material (region 2) has elastic

. modulus E2 , Poisson's ratio v2, and piezomagnetic strain constant d.

It is assumed that a stat-ic magnetic bias field is applied,

determining the value of d, and that the perturbations about that
operating point due to some incremental axial field H are to be

calculated. The general relationship between stress () and strain
(e), including magnetostriction, can be written as:

c - d.H + QYE (15)

Using cylindrical coordinates and following the analysis of Ref. 1,

the stress in regions 1 and 2 can be written as:

i A/r2 *2C Region 2 (16)
r 2D Region I
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S A/ 2 2C Region 2 (17)
2D Region 1

S.F Region 2
- C Resion 1 (1)

in magnetottictive inatecials# we have additional sttain terns doe to.
sagntotriction# so that:

* where we have assumed zero voum magnetotriction (giving the factors
of 1/2 In the last term) and whete d depends on the biased operating
point on the 9 vs. H curve, while H Is the incremental change frcoo

* that operating point. TMb atrains can be written:

(19).(I- -A..G JRegion 2
0/1 j'12)j.[A(0+v2) /r ZC(1-v2) Ov2PJ dH /Z Rosion 1 20

I(2/Is )(G-4vD) Region I
-Region 2 (21)

it will also be required to express the radial displacements In teras
of the same quantities. a

(S.

'rRegion 1 (22)
" ..€ € /El l  (4 vD~cI ,, )/r  # ZC(Iv 2) "- v.Frl. dl T/2 Reion (

L--

g eio

'I



the stsses, strains and displacemets We all expressed in terms of
the five Constants ACD,F1, and Go Thus, five boundary conditions are

* required to give the necessary relationships to solve fog these

constants. The boundary conditions aet

1. so radial stress at outside Cr a R2)
2. Radial stresses in regions I and 2 equal at boundary (r a R* 1
3. Radial displacements in regions 1 and 2 equal at boundary (r

4. Net axial force Is zero
S. equal axial strains in regions I and 2 (avay from ends)

Hathematically, these we express as:

2. a 1R) . arz(R ) ""4 A 2C. )D

S 3. Url (RI) U .2z (It,)

1.wl21)(1-v, -(v1"Gl 2 R z JO 0-l~2 A I2C(1-R- vF R,

i" 1

L

;I d H z

4. yR1 2 at,* w(R22.R1 2  Oz2 .0 R R12 G*(R 2 -R12 ) F *0

1 p C) S
*':4 T t* (-4v 1 D) * (.vC

2 2 2
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To normalize, we change vAriableS'to:

i. x A Z Zz v . n6-, .
"mzz an .R~ H Jew "z

y 2C VZD

I.

and use the ratios: R - R2/R1

resulting in the matrix equation:

1 1 0 0 0 X 0

R2  1 1 0 0 Y 0

22
(l,v) ER .(1.v 2)E (1-Vi) v 2

3  v Z i1/2 (2t3)

0 0 0 (-l1) 1 v 0

0 2 v a -2vI  -3 1 1
2

Nowt the optical phase shift in a length L of fiber for light with

prpgation constant of is:

a6 - SAL *LAO

a lC L -1/2 LO a (24)
2A 2 D
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W here the change in the Optical inicatrix is

P Z)  (2)

Expressing (24) and (25) in term of the parameters X#Y# Z# Ve W and

carrying out some algebraic manipulation# reults in An expression for

the normalized optical phase shift per unit fiber length per unit

t imagnetic field changes

,a
UV 1A.. svij 1  c'V-1 ' 2 i *~ 2 F1  (26)

• ~~ ~ * I -ic oclu~t h :sos ie y16 =o 21v nyne

*z I (oi *P) Cl-y 1) *2 1 2 ViJ

7 Since to calculate the response given by (26) from (23) we only need Z
and Wv we can simplify (23) to only contain Z and wt

01o 2*(- 1  VI 2

I2v E -

i.(7
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it we asseum that the fiber Is fused silica and the coating is nickel,

a 1.456 0, 336'

-P .21 a *- x 10 '. 0.27

-- -W W * 2 1 . 4 n -

The norualied phase shift resulting vhen those values are used in.
-. (27) is plotted in Figure 5 versus radius ratio Re We can also

calculate the asymptote as I --V 00 as:

if-

dl 1 "fL.-1.2I12

d u L maz

- From Figure 5 we see that the nornalized mgnetically-induced optical
phase achieves 1/2 its maizmum value tor R a 1.18. For a 100 1Jil OD,

* fLber this corresponds to a nickel coating of 18 u thickness, If*
* for Hit d a 39 x 107 Gl, then for a Re-fi laser vith X a 0.6320 us

S max. we find the maximum magnetic sensitivity can be calculated to bee

UL nmax.
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IR

REGION 2: E2 11 2

fiture 4. Crons section of optical fiber (region 1) coated
4 magnetostrictive material (region 2). The fiber has Young's

i..1-
mouu El.O Possn' rati v nexo efatonn n
stai-ptc ,. O fiN it MATER andP2 h otn a
Yount's modlu E2 an Poso' rati V2t-P.
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* 1.2

0.8

10 1.2 1.4 1.6 1.8

Radius Ratio, R

Figure 5. Normalized magnetostrictive-induced optical
phase shift versus radius ratio.
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In order to electroplate Ni onto the fibers, it is first required to
* apply a conductive undercoating, showing good adhesion and the ability
* to withstand subsequent annealing steps, if any. Three methods were

investigated: Freeze coating of relatively low melting point metals,

sputtering, and electroless deposition. They are described in
subsequent sections.

A. . T

Early in this program, the freeze coating method (5,6) was utilized
for some lower melting temperature metals and alloys. These included

indium, tin, zinc, and aluminum as well as some alloys of the first
three. A photograph of the equipment used is shown in Fig. 6. Glass
fiber was first stripped of its factory-applied polymer coating,r J cleaned, and then pulled through a crucible of the molten metal by the

arrangement of reels and rollers shown. The temperature of the molten
* metal and the fiber pull speed could both be adjusted for optimum

results. The freeze-coating process has the advantage that it is a
* continuous line process, able to be scaled to fibers of arbitrarily

long length.

Indium and zinc provided the best coatings, but it was difficult to
obtain uniformly coated layers, even with these. In fact, an
underlayer should be applied when the fiber is in its pristime state,
so it would be best if this conductive underlayer were applied as the
fiber is pulled, i.e. by the fiber manufacturer. Since we were
required to strip off the polymer coatings already applied, using a
combination of chemical and mechanical means, imperfect surface

cleanliness and possibly surface damage are believed to be the source

of the problems encountered with coating adhesion and uniformity.

Because of these difficulties with freeze coating as a means to apply

undercoating, it was decided not to proceed with this side issue, but
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* rather to concentrate on the nickel electroplating process. As

S described in the next section, an RF sputter deposition technique was
• - found to be adequate for undercoating the relatively short lengths of

fibers required by this work.

_ B. SPUTTER DEPOSITION

RF sputter deposition is commonly used at Honeywell to deposit metal
* layers in the fabrication of semiconductor circuits, thin-film

packages, and miniature sensors. This technique was applied to
undercoating of optical fibers and gave excellent, adhesive

undercoatings of metals which could withstand later annealing.
Underlayers are applied by first stripping a length of fiber (up to 5

r meters) of its jacket and coatings, cleaning, and loosely coiling on

the rotating table in a Veeco 2400 RF sputtering system. Two

depositions are required to coat the entire periphery of the fiber,
with the fiber being turned over between depositions. Underlayer

coatings consisting of 500 A of chrome followed by 4000 A of copper
were used for all subsequent work, including all fibers delivered to

NRL.

L C. )L=. ' NIt T DEPOW ITIO

A process was identified to pre-treat glass to permit direct

electroless deposition of Ni. Electroless Ni deposition was

previously considered in the Honeywell-funded program during 1980, but
was abandoned because electroless Ni is not ferromagnetic (due to the

presence of phosphorus impurities) and because attempts to deposit on

glass were unsu.cessful. However, since conductive undercoating

materials which withstand annealing are a major problem, we attempted

to apply a thin layer of electroless Ni and then to electroplate a

thick layer of pure Ni, thus allowing subsequent annealing.

4 Samples of fiber and cover slips were plated with 0.3 um electroless

Ni using a proprietary process by the Honeywell Defense Systems

Division. Such films are smooth, continunus, and show good adhesion.

6i
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* The electroless Ni takes only several minutes to deposit and appears
compatible with a continuous line coating process. Efforts to
electroplate thick, pure Ni onto these electroless undercoatings were
successful. However, the electroless Ni film loses adhesion with the
fiber at temperatures about 500OC, and also was found to seriously
degrade the fiber strength. We conclude that this process does not
solve the problem of obtaining a suitable undercoating, and that such
an undercoating is still best applied at the time the fiber is drawn.

I V. -MCRPAI

A. MATI-BATM

The most commonly used nickel plating bath formulation is called the

watts bath. Its primary source of nickel is nickel sulfate (NiSO4 ) ,

Initially we used the watts bath but later switched to a nickel
sulfamate (Ni(NH2 SO3 ) 2 ) bath because it can produce deposits of lower
stress and can be used at higher plating rates. A low stress deposit
is desirable since the magnetic properties are enhanced. The makeup
of a nickel sulfamate bath is listed in Table I. The brightening
agent PCB4 is optional, but was included in the plating bath in most

Li cases because of the improvement in film brightness and reduced

stress.

BATH INGREDIEMS AMOUNT PER LIT OF SOMION

Nickel Sulfanate Concentrate* 470.0 ml
Nickel Bromide Solution* 47.4 nil
Boric Acid 28.2 g
Deionized Water 432.3 ml
PCB 4 *+  38.0 ml
*Available from Harstan Chemical Corporation, Brooklyn, NY
+PCB4 is a deposit modifier which is said to reduce stress in the deposit,
rrake it harder and produce a bright deposit.
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B, NICK : ON PLANN.R793BSTRATFS

Planar substrates were used to test plating baths and determine the

quality of deposits made from them prior to plating fiber. iicroscope

cover slips made from both glass and quartz, 18 mm square, were

sputtered with chrome and copper and subsequently nickel plated. B-H

loops were made to determine coercivity (Hc) and loop squareness of
the plated nickel. Magnetostriction measurements were done using

facilities at the University of Minnesota. These tests will be

*described in later sections.

C. IcKE. PLAtTIG•ON-OPTICAN- -FTHER-

iSystem-Description - Attempts to plate nickel on undercoated fiber in
a heater in a batch mode were unsatisfactory because the resulting

nickel coating was not uniform in thickness. We thus moved to plating
of fiber in a continuous mode sooner than anticipated. We utilized

available plating cells from work previously done for plated wire

memory. The plated wire memory was initially developed here (7,8) and

is currently being producted at Honeywell's Clearwater, Florida,

location. These cells were adapted to plate nickel on suitable
undercoated fiber. A schematic representation of the continuous fiber

plating process is shown in Figure 7. A continuously-circulating,
temperature-controlled plating bath is utilized. The cells have

multiple passages to ensure circulation of fresh plating solution

around the fibers for maximum uniformity.

Eitner a mercury contact or a rolling metal cylinder was used to

transfer current from the power supply to the fiber. Nickel anodes

inserted in the plating cells were used to complete the circuit from
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* the plating solution back to the power supply. A four liter beaker

I was used as a reservoir for the plating bath. Plating solution from

the reservoir flows thru tygon tubing to a pump which forces the

solution thru the cells and back to the reservoir. The fiber is
~ " pulled thru the plating cells at a constant rate and wound upon a

reel. Nickel thickness is controlled by adjusting the velocity of the
* fiber and by adjusting the current. A typical current density in each

-. of the four plating cells is 450 mA/cm2 and a typical fiber velocity

: - is 4 cm/min. These conditions yield a nickel coating of about 15Um on

fiber initially 86 im in diameter.

D. P=ATNW OP -ALUMT! ]-ONDERtMAM -FIBERS
D.

* Fibers undercoated with aluminum by freeze coating at the time the
fiber was pulled were supplied by NRL for subsequent Ni plating. Some

initial difficulty was experienced in trying to plate on aluminum. A
process called zinc immersion (9) was found necessary to prepare the
aluminum surface for nickel plating. It was also discovered that the

roller contact method to transfer current to the fiber was necessary

when plating because the zinc on the 'zincated" aluminum reacts and
forms an amalgam with the mercury when using the mercury contact
technique. Using those techniques, good electroplated Ni coatings
were obtained on these fibers.

V.

The magnetostrictive behavior of a nickel film is critically dependent
upon its internal stress state. This in turn is a function of

deposition conditions such as plating bath composition, current,

temperature, etc., and of subsequent processing such as annealing.

Achieving a high slope for the magnetostrictive strain versus magnetic

field curve requires a low-stress deposit. For those reasons, the

*effects of annealing on nickel coated fibers prepared for magnetic

field sensing were investigated as a part of this program.

Annealing was carried out in a small tube furnace equipped with
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flowing gas capabilities. The furnace itself was 50 cm long, and the
| 0 system could accomodate fibers up to l.lm length. Only the central

part in the furnace was annealed. Typically, after the fiber(s) was

inserted, the tube was flushed with N2 followed by H2, and a slow H2
flow was continued throughout annealing.

The first annealed fiber (Delivered 4/8/81, See Table V) was heated

and cooled at about 150C/min. and was held at 950 0C for 1 hour.

Later, an effort was made to reduce strains caused by differential

thermal expansion between fiber and coating by (a) heating and cooling

* • at slower rates and (b) annealing at lower temperatures for longer

times. The fibers delivered on 9/24/81 (See Table V) were heated and
cooled at I to 1.5 °C/min. and held at maximum temperature for "'12

hours. Maximum temperature of 4000C, 6000C, and 9500C were employed.

Samples of electroplated Ni films on planar substrates were also

annealed to study the effects on magnetostriction, B-H loops, etc.
The same furnace and procedures were employed. Results are summarized

in Section VII.

i VI.

Tests of acoustic or magnetic sensitivity of the coated fibers in an

interferometric optical sensor system were carried out at NRL on

fibers delivered under this contract and will not be reported on here.
Two tests of magnetic characteristics of plated nickel films were

* performed under this contract: B-H loop measurements and measurements

of the magnetostrictive strain versus field. These test procedures

are described below, and results are given in Section VII.

A. R=jA

ieasurements of B-H hysteresis loop characteristics of electroplated
nickel films on planar substrates and on fibers were carried out on

equipment developed for that purpose at Honeywell as a part of past
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programs on thin-film magnetic materials. The method of operation of

this B-H looper is as follows: An AC magnetic field is created by a

pair of field coils. There are a pair of pick-up coils called the

bucking coil and the sample coil, which are oppositely wound so that,

with no sample in place, the signals induced by the AC field cancel.

When the sample is placed in the sample coil, this balance is upset by
the amount of flux due to the sample. The inductive output d /dt is
electronically integrated to give flux * , proportional to B in the

* sample.

An x-y plot of H applied versus B sample is displayed on an
oscilloscope, tracing the desired hysteresis loop of the sample.
While the H values resulting from the applied field are easily

calibrated, calibration of the B-axis is more difficult. For planar

thin-film samples, approximate calibration is possible using secondary
* thin-film standards if the sample thickness and width are known. For

more complex sample geometry such as plated fibers, B-axis calibration

is not possible.

B. IGTION

1 lMagnetostriction measurements were performed on planar substrates at

the University of Minnesota. Professor William Robbins of the

Department of Electrical Engineering has set up a system in which the

planar magnetic samples form half of a capacitor. Under influence of

a magnetic field, the magnetostrictive coating on a substrate will
cause the cantilevered sample to bend slightly and change the

capacitance. By accurately measuring the capacitance and the

capacitance change plus knowing certain constants of the film and

substrate, magnetostriction of the material can be calculated. This
method is shown in Fig. 8.
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-: A. s Ifl)P-D$,A

Table II summarizes some of the data on B-H loop measurements made on
planar substrates plated from different baths. The general results

are that (a) the nickel deposited from the sulfamate bath with the

*deposit modifier PCB 4 has a lower unannealed coercivity then the

nickel deposited from a watts bath, and (b) the B-H loop is much more

square than that from a watts bath deposit.

* Results of sulfamate bath plated nickel deposits annealed at different
temperatures are also shown in Table II. The conclusion here is that

although annealing of these samples lowered coercivity with increased

- anneal temperature, at the same time the loop squareness decreased.

For magnetometer purposes, low coercivity deposits are highly desired

but the importance of loop squareness is unclear.

* B-H loop measurements also were performed on small segments of fiber,
both annealed and not annealed. The results are shown on Table III

* along with corresponding results from planar substrates. For both

planar and fiber substrates, coercivity dropped upon annealing at

. 950 0C. However, for planar substrates the loop was initially fairly

square and upon annealing it was not nearly as square. The result forr plated fiber was opposite: unannealed fiber loop initially was not

square but became square upon annealing. Both annealed samples

(planar and fiber) exhibited the cracked appearance in the nickel.

The loop squareness difference between planar and fiber samples is

perhaps related to the relative amounts of nickel making up the sample

or to substrate geometry.

E:
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MNBM II: SS FM MAW W PT PHM
UPM AM SWMM BM

BATH ANNAL STM JS CDEW IVIT LOP SGRENESS
(Br/Bm) x 100%

Watts Not annealed 58 50
Sulfamate with

SPCB 4 Not annealed 39.1 90
Sulfamate with

- PCB 4 Annealed 600 C 17.4 56.8
Sulfamate with

PCB 4 Annealed 950 C 13.0 40.4

IA

SUBSTRATE ANNEAL STATUS CDERCMTY (oe) LOOP SQUARENESS
- CBr/Bm) x100%

* Planar-Quartz Not annealed 39.1 90.9
Planar-Quartz Annealed 950 C 13.0 40.4

Fiber Not annealed 34.8 17
Fiber Annealed 950 C 11.0 90

"4
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B, IXM ,JRMUWf On 'LIP 4-SUBTAE

A magnetic field sensor should have high response to small changes in
. magnetic field, i.e. the slope of the magnetostriction -vs- magnetic

field curve should be maximized. Typical results are shown in Figures

9, 10, and 11. Table IV summarizes some of the data obtained from

tests at the University of Minnesota. It appears that 9500C annealed
* " samples performed better than the corresponding unannealed samples.

Also, nickel plated from a sulfamate bath with PCB 4 responded better
*than nickel from a watts bath. This can be attributed to lower stress

in the deposit. The most important results are those obtained in a
fiber optic interferometer configuration. These will be obtained at

NRL from fiber samples delivered.

E f"
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TABLE IV: pMAQNET~sRICflTj W 3EL4OBSK R MO ONf PERM SUS=

STRAIN VS. FIEW C3jIWE (G-1 )
BATH ANNEAL SATUS SLOPE OF

Watts Not annealed 0.028 x 10 "6

Watts Annealed 950 C 0.053 x 10-6

Sulfan-tate Not annealed 0.050 x 10-6

PCB 4 Not annealed 0.084 x i06
. Sulfaate with

PCB 4 Annealed 950 C 0.099 x 10 -
SulfaIate with

|I.

I.,
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*Figure 9. Magnetostrictive strain versus magnetic field for
* annealed and unannealed nickel from watts bath.
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C. E-OBSERVATIONS

Upon microscopic examination of the 9500C annealed samples it was note

that in each case microcracks were visible in both fibers and planar

substrates. The micro cracks can be attributed to the difference in

coefficient of thermal expansion between the nickel and the quartz

substrate and probably occurred during cooling. A photograph of this

effect is shown in Figure 12. The effect of those cracks on sensor

- performance is not known.

I-

L
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VIII. PTRERS EL-2
.1

Twenty one coated fibers were delivered to NRL for test and evaluation

. . during the contract period. All fibers were ITT single mode with

i chrome-copper undercoat, with the exception of the
aluminum-undercoated multimode fibers provided by NRL. Ten of the

* fibers were for the purpose of magnetic sensitivity, where different

annealing temperatures were used to try to maximize sensitivity.

Eleven fibers were for the purpose of demonstrating acoustic
desensitization, and different nickel thicknesses were utilized to try

to reach minimum sensitivity. The fibers delivered are described in

Tables V and VI.

Since the magnetic test set up at the Naval Research Laboratory tested
only short " 20 cm regions of fiber, the fibers provided for these

purposes as described in Table V were relatively short, typically lm.

Nickel thickness was not critical, so if it was usually in the

14-17V m range. The main variable was annealing, as described in

Section V.

Acoustically desensitized fibers were required to be long for acurate
testing, since the sensitivity per length of fiber becomes very low

and it is desired to eliminate end effects in the NRL test set up.

First samples were about lm in length and subsequent samples were 3m

and finally 4.5m. This is about the practical limit for the present
.4 procedure of hand stripping the fiber coatings and sputtering the

undercoating layer. The key parameter for these fibers is coating
thickness, which must be precisely adjusted to achieve minimum

acoustic sensitivity. Initial analysis based on the elastic

properties of bulk nickel, indicated minimum sensitivity would be

achieved for coatings of about 10-15 lrm thickness, so several sets of

fibers were prepared with thickness from 9 to 24 pm. Subsequent

testing at NRL indicated that the elastic properties of the plated Ni

4coatings differed from the bulk material values such that the

thickness for minimum sensitivity was greater, approximately 30 to

35kr.
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Iteration is required, based on NRL testing and analysis, to optimize

I the coating thickness target value. A final set of fibers, 4.5 1am

.*"- long with thicknesses of 24, 33, and 42 um was prepared, and is in

" " test at NRL at this time.

.

. o
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TA. E V: NICKELCI ( 1 SI.TIVE

K NICKEL 0)ATING
DAITE THICKNESS La i) LEN1GMH QUAN=IT ANNEALING

4/8/81 14 to 15P m <1 M 2 None
4/8/81 14 to 15 <1 2 950OC, H2 atmosphere
6/3/81 20 0.9 to 1.2 2 None
9/24/81 16.5 1.1 1 None
9/24/81 16.5 1.1 1 400°C, H2 atmosphere

slow cool
9/24/81 16.5 1.1 1 600°C, H2 atmosphere

slow cool
9/24/81 16.1 1.2 1 9500C, H2 atmosphere

slow cool

!!



-43-

SI!

TABLE VI: NIK.E C M n,, DESEITIZE) FIBERS

. -

NICKEL CING
D,- THICKNESS (p m) LENGTH(m) NOTES

6/3/81 101Am 0.9 m
* 6/3/81 9 0.8

7/24/81 16 3 Aluminum-undercoated,
. 7/24/81 21 3 .ulti-mode filber

7/24/81 24 supplied by NRL
9/24/81 8.5 3
9/24/81 10.1 3
9/24/81 16.5 3

, 7/6/82 24 4.5
7/6/82 33 4.5
7/6/82 42 4.5

w..

S..
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* A. AcousTivtrry-P STTYP-Fgs

The approach of using electrodeposited nickel coatings for the

acoustic desensitization of optical fibers for sensors has been

* conclusively demonstrated. Results of this work using the

next-to-last set of fibers (delivered to NRL on 9/24/81, as shown in

Table VI) were described in a paper published in the Sept. 1982 issue

of Optics Letters, jointly authored by NRL arid Honeywell scientists.

A copy of this paper is attached as Appendix A. Those results

• demonstrate acoustic sensitivity reduction by one order of magnitude

below that of bare fiber.

As described in Section VIII, these fibers had not completely achieved

the minimum predicted sensitivity, due to the difference in elastic

properties between bulk nickel and electroplated nickel coatings. The

-* final set of fibers, coated to a greater thickness and delivered on

7/6/82, are expected to demonstrate even more effective acoustic

desensitization. At the time of this report, tests on these fibers

had not been completed at NRL.

* The techniques developed for undercoating and applying the nickel

coating are adequate for experimental work with fibers of modest

length, up to 5 or 10 m. Further development is required to make

practical the coating of long lengths of 100 to 1000 m. The present

-- technique is limited in two areas: Fiber stripping and undercoating,

. and the rate of nickel coating deposition.

The first of these, fiber stripping and undercoating, is the more

serious limitation. Hano stripping of fiber, coated with a plastic

i.aterial a: the time it is drawn, is impractical in longer lengths, as

is oatch undercoating of a coil of fiber in a planar sputtering

system. Ideally, the fiber should be coated with a conductive metal

pri.,ary coating by the manufacturer at the time it is drawn. This

could be by freeze coating, or some other technique. Subsequent

L__
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stripping and handling of the fibers, with degradation of fiber
strength and the danger of mechanical damage would thus be eliminated,
and the fiber surface would be preserved in its pristine state.

Electroplating of this undercoated fiber would then be relatively
straightforward, in a continuous line process. This approach was

demonstrated during this contract by the nickel plating of sample
fibers provided by NRL which had a freeze-coated aluminum undercoat
applied by the original manufacturer. However, such metal
undercoating techniques have not yet been perfected by the fiber
makers and may be difficult to achieve without compromising other
optical or mechanical characteristics of the fibers, such as optical

loss, lifetime under stress, etc.

The second limitation is on the rate of nickel deposition: In this
work, typical fiber pull speed through the plating system were about 7
cm/min. Three or four plating cells were used in series, and the
length of fiber being plated in each cell is only 2 cm, for a total

£ length of fiber being plated at any instant of only 6 to 8 cm. This
can easily be scaled up by a factor of 10 or mure, increasing the

fiber pull speed by the same factor. This speed is still much slower
that the rate at which fibers are drawn, so the nickel coating process

* is not compatible in speed with fiber manufacture, but the achievable
speed seems high enough to be practical for coating special fibers for

fiber optic sensors.

4 B, MA TICATLY SRSITIZED -FIBES

Electrodeposited nickel coatings were shown to magnetically sensitize
optical fibers, as demonstrated in the coated fibers delivered to NRL
by this program. Test results there show reasonable magnetic
sensitivity was achieved, about equal to that using a fiber attached

to a bulk nickel mandrel. However, in both cases the results fell
short of what should be theoretically possible for a sensor based on
magnetostriction in nickel, probably due to imperfect annealing and

subsequent residual stresses. Specifically, the sensitivity reported

for a bulk based sensor was 8 x 10-7 Gauss per meter of fiber per ;Hz
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(assuming 10-6 radius detection limit in the fiber optic
i" interferometer), and for electroplated fiber produced under tp

contract sensitivity was slightly better at 6 x 10- 7 Gauss/m-tHz.-
(By comparison, fibers using sputtered coatings of

highly-magnetostrictive met glass achieved sensitivity of about 10- 9

Annealing remains a major issue with the nickel coated fibers. Good
magnetic sensitivity was only obtained with those fibers annealed at

high temperatures, 9500C. This temperature severely limits the choice
of undercoating materials which can be employed. There is also the

likelihood that cool-down from such a temperature builds stress back
into the coatings due to the differential thermal expansion
coefficients between the coating and the fiber, limiting the

achievable magnetostrictive sensitivity to well below that

theoretically possible for nickel.

To achieve higher sensitivity and perhaps a reduction in the annealing
problems, while retaining the advantages of a line plating process, it
is recommended that other electrodeposited magnetostrictive coating

materials be investigated, specifically alloys such as Ni-Fe and

U Ni-Co, and possibly ternary alloys. Analysis predicts significantly

higher sensitivity for fibers coated with alloys such as 40-Permalloy

(40 Ni, 60 Fe) or 4.5 Co, 95.5 Ni IID.

The issues of undercoating deposition and of scaling the

electrodeposition process to higher speeds are much the same as have
been discussed in the previous section. In addition, the annealing

process which may be required for magnetostrictive coatings reduces

the possible device of undercoating materials to those which can

withstand the annealing temperature. Reduction of annealing

temperature to 6000C or below would greatly ease this problem.
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Acoustic desensitization of single-mode fibers utilizing nickel
coatings

N. Lagakos, 1. J. Bush,* J. H. Cole, and J. A. Bucram
Nuval Research Laboratory, Washington. D.C. 20375

J. D. Skogen and G. B. Hocker

Honeywell Corporation Materials Science Center. Bloomington, Minnesota 55420

Received May 10. 1982

The pressure sensitivity of the phase of light propagating in a single-mode fiber coated with a thin nickel jacket is
- determined both analytically and experimentally. The measured acoustic response of the fiber is found to be 1

order of magnitude lower than that of the bare fiber, in agreement with analytical predictions. The technique thus
appears to be a promising way for desensitizing optical-fiber leads for use with fiber-optic sensors.

Reducing the effect of pressure on the phase of light two fibers, an aluminum- and nickel-coated fiber, as a
propagating in optical fibers is important for applica- function of the thickness of the metal jacket. The glass
tions involving fiber-optic interferometric sensors. In fiber is a typical commercially available (ITT) single-
particular, in acoustic sensors of this type,1.2 optimum mode fiber nominally composed of a fused-silica core
performance is achieved when the acoustic (pressure) with traces of GeO 2, a cladding of 5% B20 3 + 95% SiO2,
sensitivity is localized in the sensing fiber while the lead and a fused-silica substrate in a W-shaped index profile.
and reference fibers are pressure insensitive. In other Table 1 lists all the parameters used to calculate the
devices, such as interferometric-magnetic, .4 rotation- sensitivity AO/OAP of the fiber. As can be seen from
rate,-" and temperature-sensor,6 acoustic sensitivity Fig. 1, as the thickness of the metal jacket increases, the
results in increased noise. It has been proposed that pressure sensitivity decreases rapidly-, it crosses zero and
desensitization of optical fibers can be achieved by then changes sign. The critical coating thickness for
coating the glass-fiber waveguide with high-bulk mod- zero sensitivity is small for nickel (-10.5 pm) and rel-
ulus materials, such as glass7 and metals.8 Lagakos et atively high for aluminum (-95 pm). Typical com-

S al. 9 demonstrated partial desensitization utilizing thin mercially available aluminum-coated fibers have metal
* aluminum jackets. Here we report significantly im- jackets with thicknesses much smaller than 95 pm,

proved desensitization utilizing nickel-coated fibers. which results in only a partial pressure desensitization.1
The pressure sensitivity of the optical phase in a fiber Because it is predicted that only a relatively thin jacket

is identified as AO/OAP, where A0b is the shift in the
phase 0 that is due to a pressure change AP. If a given

*1 pressure change AP results in a fiber-core axial strain
t, and radial strain e,, it can be shown' 0 that

AO/O = t, - (n0/2)[(Pll + Pi 2)Er + P12(]. (1) N .5 NICKEL-ZERO ACOUSTIC SENSrfIVITY

Here P 1 and P12 are the elasto-optic coefficients of the -0.0----- - --- -------------
core and n is the refractive index of the core. As can be

*i - seen, the pressure sensitivity is due to the effect of the -o.'
fiber-length change [first term in Eq. (1)1 and to the A I
effect of the refractive-index modulation of the core, i -
which is related to the photoelastic effect [second and

third terms in Eq. (1)). These effects are generally of -l
opposite polarity,7 with the largest contribution coming -

from the axial-strain term. Accordingly, it has been -2o
* proposed that substantially reduced sensitivity can be

achieved if the fiber is coated with high-bulk modulus -2.5
materials, which reduce the relative contribution from 0 2 4 0 s I0 It 11s
f,. In fact, zero sensitivity is predicted for specific COATING THICKNESS Ip
values of coating thickness that exactly balance the two Fig. 1. Calculated pressure sensitivity Ad/AP versus
effects. coating thickness of the single-mode ITT bare fiber of Table

Figure I shows the calculated sensitivity AO/OAP of 1 coated with nickel or aluminum.

0146-9592/82/09046003$1.00/0 ,c) 1982, Optical Society of America
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Table 1. Nickel-Coated Single-Mode Fibers

First Second
Sub- Coat_ Coat

Core Cladding strate ing ing
Composition SiO2 + traces 95% SiO2 SiO2  Copper Nickel

of G00 2  +5%
(0.1%) 3Diameter (um) 4.0 30 86 86.8 119.8

Young's modulus (1010 dyn/cm2) 72 60 72.45 121 214
Poisson's ratio 0.17 0.18 0.17 0.37 0.36

. - P 1  0.12e - - -
P12  0.27 .. . .
na 1.459 ....

8 /AL#/P - +0.42 X 10-13/(dyn/cm 2).

of nickel is required for zero sensitivity, we coated sin- A OU=

gle-mode fibers with nickel in order to study their ...,

acoustic response.8"
The nickel coating was applied to the fiber by elec -LA

trodeposition. Conductive underlayers were first ap-
plied to the fiber by stripping it off its polymer jacket
and then rf sputtering 400 A of chromium followed by
4000 A of copper. A nickel sulfamate plating bath was

I used to apply the nickel.'" The plating was performed Fig. 2. Experimental setup for measuring the acoustic en-
by continuously pulling the fiber through a series of four sitivity of fibers.
plating cells while controlling the velocity of the fiber
and the plating current. Either a mercury contact or
a rolling metal cylinder was used to transfer current to _100
the fiber. Nickel anodes were used in the plating cells.

- Typical current density in each cell was about 450
mA/cm2, and pulling velocity was about 4 cm/min. A 30 PLASTIC
These conditions were controlled to yield the desired . *
coating thickness near 15 pm.

An acoustic coupler was used to produce the acoust-
ically induced optical phase modulation in the optical
fiber while maintaining hydrostatic pressure and tem-

* perature. It contained two calibrated transducers
(2.54-cm diameter, air-filled piezoelectric spheres) and > 3-
a port for mounting the fiber. The maximum frequency rZ #
for a uniform acoustic field inside this particular coupler ALUMINUM
was 1400 Hz with DB-grade castor oil as a fill fluid.

Figure 2 illustrates the system used to measure the
optical phase modulation induced in the nickel-coated

-- fiber by the acoustic field produced within the coupler. NICKEL.
This system is a slight modification of one reported 0., ,___,_"___ ....
previously. 12  Light from a single-frequency He-Ne 2o lw 1400
laser was coupled into an electro-optic modulator (a FREQUENCY (Mz
Bragg diffractor), which produced two spatially distinct Fig. 3. Frequency response of the pressure sensitivity (ab-
o optical beams of different frequency, each of which solute value) of optical fibers. Crosses, experimental data
constituted an arm of the interferometer. Recombi- obtained from measurements on the fiber whose composition
nation of the beams produced a carrier frequency Wm is given in Table 1. Dashed line, calculated sensitivity
with the acoustic information (and any other phase- AO/OAP of the nickel-coated fiber of Table 1. Circles and
producing disturbances) as side bands. The carrier triangles, experimental data obtained from measurements on
,ignal was first processed with an automatic gain control a typical plastic (Hytrel)-coated ITT fiber and an alumi-
iAGCI to maintain proper amplitude. The phase was num-coated fiber,9 respectively.
then detected and synchronously tracked by feedback
14, a linear phase modulator in the reference leg. The In Fig. 3 the crosses show the experimentally obtained

phase modulator consisted of a length of fiber wrapped frequency response of the sensitivity of the nickel-
tightly around a thin-walled piezoelectric cylinder coated fiber. As can be seen, the sensitivity is about 1
I PZT-4, 1 which had a flat frequency response to 40 order of magnitude lower than that for a bare fiber [3
kHz. The complete details of this system have been X 10-1Y(dyn/cm 2)J and is significantly lower than that
dt..'ribed elsewhert. ' which has been achieved so far by utilizing aluminum
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jackets (also shown in Fig. 3). For comparison, we also 2. J. H. Cole, R. L Johnson, and R. G. Bhuta, J. Acoust. Soc.
show the sensitivity of a fiber coated with a typical Am. 62,1136 (1977).
plastic jacket (Hytrel). The measured sensitivity of the 3. H. Aulich, N. Douklias, H. Harms, and A. Papp, in Digest
nickel fiber was found to be in good agreement with that of Topical Meeting on Optical Fiber Communication
predicted analytically (dashed line in Fig. 3). However, (Optical Society of America, Washington, D.C., 1979).
since we measured only the absolute value of phase 4. A. Dandridge, A. B. Tveten, G. H. Sigel, X. J. West, andsice we masure ly thequ al e nt wT. G. Giallorenzi, Electron. Lett. 10, 408 (1980).

* shift, we cannot claim unequivocal agreement with 5. G. Schiffner, W. Leeb, H. Krammer, and J. Wittmann,
theory. This is a consequence of the fact that in the Appl. Opt. 18, 2096 (1979).
vicinity of zero sensitivity (see Fig. 1) the acoustically 6. G. B. Hocker, Appl. Opt. 18, 1445 (1979).

- induced phase shift can be either positive or negative, 7. N. Lagakos and J. A. Bucaro, AppL Opt. 20, 2716
depending on the exact values of coating moduli and (1981).
thickness. 8. G. B. Hocker, presented at FOSS Workshop, Naval Re-

By utilizing a nickel jacket we have demonstrated a search Laboratory, Washington, D.C., December 12-14,
* considerable reduction in the acoustic sensitivity of 1979.

optical fibers. The technique thus appears to be a 9. N. Lagakos, T. R. Hickman, J. H. Cole, and J. A. Bucaro,
promising way (1) to localize sensitivity in interfero- Opt. Lett. 6,443 (1981).

10. B. Budiansky, D. C. Drucker, G. S. Kino, and J. R. Rice,metric fiber-optic acoustic sensors and (2) to minimize Appl. Opt. 18,4085 (1979).
acoustic noise in thermal, magnetic, and other nona- 11. Harstan Technical Bulletin Nickel Sulfamate (Harstan
coustic sensors Chemical Corp., Brooklyn, N.Y.).

" Naval Research Laboratory, Underwater Sound 12. I. J. Bush, in Digest of Conference on Lasers and Elec.
tro-Optics (Optical Society of America, Washington, D.C.,Reference Detachment, Orlando, Florida 32856. 1981).

13. D. A. Jackson, A. Dandridge, and S. K. Sheem, Opt. Lett.
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